Several aspects of flow have been shown to be important determinants of biological community structure and function in streams, yet direct application of this approach to large rivers has been limited. Using a multivariate approach, we grouped flow gauges into hydrologically similar units in the Missouri and lower Yellowstone Rivers and developed a model based on flow variability parameters that could be used to test hypotheses about the role of flow in determining aquatic community structure. This model could also be used for future comparisons as the hydrological regime changes. A suite of hydrological parameters for the recent, post-impoundment period (1 October 1966-30 September 1996 for each of 15 gauges along the Missouri and lower Yellowstone Rivers were initially used. Preliminary graphical exploration identified five variables for use in further multivariate analyses. Six hydrologically distinct units composed of gauges exhibiting similar flow characteristics were then identified using cluster analysis. Discriminant analyses identified the three most influential variables as flow per unit drainage area, coefficient of variation of mean annual flow, and flow constancy. One surprising result was the relative similarity of flow regimes between the two uppermost and three lowermost gauges, despite large differences in magnitude of flow and separation by roughly 3000 km. Our results synthesize, simplify and interpret the complex changes in flow occurring along the Missouri and lower Yellowstone Rivers, and provide an objective grouping for future tests of how these changes may affect biological communities.
INTRODUCTION
Management of flow in regulated rivers and streams typically focuses on maintaining maximum, minimum and mean flows in direct response to flood control, navigation, hydropower generation, irrigation and other human demands (Poff et al., 1997) . However, when evaluating responses of biological communities to differences in flow, it may be necessary to take a more refined approach to analyzing hydrological data (Church, 1995) . Several stream flow variables have been used to describe the physical environment of streams and how organisms respond to these factors (Schlosser, 1985; Statzner and Higler, 1986; Bain et al., 1988; Poff and Ward, 1989; Poff, 1992; Townsend and Hildrew, 1994) . Indeed, several studies have reported that hydrological factors, specifically flow variability, can influence aquatic community structure (Horwitz, 1978; Coon, 1987; Bain et al., 1988; Fausch and Bramblett, 1991; DiMaio and Corkum, 1995; Poff and Allan, 1995) and that this variability can occur at different temporal scales (e.g. seasonally or annually; Townsend and Hildrew, 1994) .
Because of the many ways that magnitude and variability of flow can be characterized (Poff and Ward, 1989) , analyzing flow variables using a multivariate approach is an effective means to determine similarities or differences among and/or within lotic systems. Hydrologically similar reaches can be grouped into homogeneous units where they can then be used as a basis for testing whether hydrology influences the biological community among the units. When relating characteristics of the biological community to hydrological conditions, it is necessary that these groupings are objectively determined and made a priori to assessment.
Most previous studies characterizing and grouping lotic reaches by flow regime have focused primarily on small-order streams. Poff and Ward (1989) characterized and classified 78 streams (mean annual flows <30 m 3 s −1 ) located across the United States using a suite of variables calculated from daily and peak flow values for each stream. They speculated on the biological significance of these different hydrological regimes, and Poff and Allan (1995) subsequently confirmed several predictions for fish communities in small and medium sized streams.
Classification of reaches exhibiting similar hydrological conditions within a system also has potential (Richter et al., 1998) . This may be especially important in assessing hydrological conditions in larger rivers, which are limited in number but may exhibit great variation in flow conditions from headwaters to mouth. Many large rivers, such as the Missouri, have undergone modification (e.g. impoundment and channelization) to support human demands that can influence flow characteristics (Nilsson et al., 1991; Hesse and Mestl, 1993; Poff et al., 1997; Parasiewicz et al., 1998; Pegg, 2000) . The result could potentially be several unique hydrological areas within one large river system. Furthermore, many of these changes may not necessarily be simple, linear functions of the longitudinal increase in drainage area and discharge.
The Missouri River is the longest river in the United States stretching 3768 km from western Montana to its confluence with the Mississippi River in Missouri (Figure 1 ). In addition to its great length, the Missouri River system also drains about one-sixth of the total area of the United States (Berner, 1951) . Prior to channelization and impoundment in the early to mid-1900s, the Missouri River was characterized as a meandering, turbid river laden with islands (Funk and Robinson, 1974) . After channelization, however, the Missouri River below Sioux City, Iowa, was changed into a fairly narrow and swift flowing river, resulting in a shortening of the channel by 125 km and reduction of the wetted area by nearly 64% (Whitley and Campbell, 1974) . Likewise, the construction of six major reservoirs in the middle reaches of the river has changed water quality above and below the dams (Morris et al., 1968) and altered the hydrology of the river (Hesse and Mestl, 1993) . These major alterations have essentially divided the Missouri River into three zones, an upper zone upstream from the major alterations, a middle zone with short free-flowing reaches between reservoirs, and a zone downstream of the impoundments which is entirely channelized except for the reach between Yankton, South Dakota and Sioux City, Iowa (Figure 1 ). The objective of this study was to identify hydrologically similar reaches from the Missouri and lower Yellowstone Rivers using a suite of variables calculated from daily mean flow values. These results provide an objective grouping of river reaches for future tests of how these differences affect biological communities.
METHODS
Long-term discharge records are available for several gauges along the mainstem Missouri and lower Yellowstone Rivers from the United States Geological Survey (USGS) via electronic media. These gauges yield a point measure for a given reach, providing insight into the general conditions within that river reach. For purposes of this study, we used the 15 gauges (Figure 1 ) with complete flow data from water year (October-September) 1967 to 1996. These dates define the years after closure of the impoundments along the mainstem Missouri River and therefore generally reflect the current, post-impoundment hydrological regime (Galat and Lipkin, 2000; Pegg, unpublished data) . We also included a site on the lower Yellowstone River (Sydney, Montana) because it is a large tributary (discharge greater than the Missouri River at their confluence) that has undergone a limited amount of alteration (Benke, 1990) . Thus, in terms of flow alteration, the lower Yellowstone River is similar to the Missouri River above Fort Peck Reservoir (Figure 1 ). Inclusion of this site provided further information from a relatively pristine zone for comparisons of flow variability with the more heavily human-influenced downstream zones of the Missouri River. We did not use gauges located within water storage areas of impoundments because we wanted to focus solely on riverine flow variability.
A suite of hydrological variables was calculated for each gauge from mean daily flow data using the Indicators of Hydrologic Alteration (IHA) methodology (Richter et al., 1996) . Resulting data from the IHA calculations were reported by Galat and Lipkin (2000) for eleven of the fifteen gauges reported here. We calculated the IHA variables for the remaining gauges using the IHA software (Nature Conservancy, 1997). This suite of variables provides information on flow conditions (e.g. variability, predictability, magnitude) at each gauge over the period of record. The IHA method places each of these variables into one of five categories: (1) monthly flows, which focuses on the mean monthly flows; (2) magnitude and duration of extremes, giving insight into the extent and duration of both high and low flow extremes; (3) time of extreme events, giving the mean date of the extreme events; (4) characteristics of flow pulses, providing information on the number and length of flow extremes; and (5) rate of change, which gives the rate and mean number of changes in flow conditions (e.g. rising or falling) from day to day (Richter et al., 1996) . Several other variables that further summarize conditions over the entire period of record are included in these flow summaries. Flow per unit drainage area is the ratio of daily mean discharge at the gauge to the watershed area above the gauge over all years. Coefficient of variation for mean annual flow is a dimensionless parameter that represents the ratio of standard deviation of the mean daily flow to its mean. Flow predictability is the measure of variation among successive periods (Colwell, 1974) and ranges from zero to one where high predictability values indicate low variability. Predictability is comprised of two components: (1) flow contingency and (2) flow constancy. Flow contingency is a measure of periodicity, meaning that flows can vary quite dramatically yet still have a high flow predictability score if similar flows occur at a consistent periodicity. Conversely, relatively stable flows would also have high predictability, but the major component would be constancy rather than contingency. See Colwell (1974) and Poff and Ward (1989) for further explanation and rationale of these variables.
The large number of variables calculated for a relatively small number of gauges precluded immediate application of some common multivariate procedures so we attempted to identify a meaningful subset of variables that would describe flow characteristics for each gauge. A common problem with having multiple, independent variables is that identification of variables to delineate the data is difficult and has typically been limited to pairwise comparisons of many variables (Swayne et al., 1998) . Assessing multivariate data beyond these types of comparisons has been hindered due to the inability to identify relations beyond this two-dimensional perspective. Recent innovations in computer aided visualization have helped remedy this problem by going beyond pairwise comparisons via interactive data exploration analyses (Swayne et al., 1998) . Therefore, we used a high dimensional, graphical data exploration application (XGobi) to identify and interpret John Wiley & Sons, Ltd. River Res. Applic. 18: 31-42 (2002 variables that could be useful in further analyses (Swayne et al., 1998) . XGobi was specifically designed for interactive, multivariate data visualization and provides n-dimensional plots to assist with exploratory analyses and identification of patterns in the data. Specifically, this application provided a graphical means to simultaneously assess relations among many variables beyond two or three dimensions. Through this visualization process, we were able to identify several variables that appeared to distinguish among gauges that could be used for multivariate analyses. Multivariate analysis of the IHA variables followed two steps. In the first step, we placed the most closely linked gauges into common flow variability units using cluster analysis (SAS, 1987) . There are several methods of clustering available and there is no generally accepted optimal method (Manly, 1994) . However, because we had no reason to assume equal sample sizes within each cluster, we used the centroid method to avoid undue bias (SAS, 1987) . Euclidean distances for all gauges were established using the variables identified in the data exploration stage. We then determined meaningful cluster breaks using a minimum threshold criterion from the distance between two clusters (Sharma, 1996) . Distances greater than the threshold were considered to indicate distinct units. The resulting flow variability units were then considered to be relatively homogenous.
The second step determined which variables accounted for the most variation among these units. We initially used stepwise discriminant analysis to identify which variables best discriminated among the groupings from the cluster analysis. Once these variables were ascertained, we then used discriminant analysis to determine the mis-classification rate using only the most descriptive variables. Determination of mis-classification provides insight into the validity of groups based upon the empirical data used in defining the groups (Sharma, 1996) . Because the number of gauges was relatively small in our data set, we were not able to split the data into a training data set, used to establish classification criteria, and then apply those criteria to a test data set or use cross-validation techniques to estimate our mis-classification rate. Therefore, we used a randomized resubstitution of gauges into different groups (gauges were randomly assigned to groups) to ensure that the final variables did not provide significant discrimination by chance alone (Manly, 1994) .
RESULTS
Our initial attempts to reduce the number of descriptive variables through data exploration techniques quickly identified several variables that were not well suited for grouping the 15 gauges (Appendix A). Nearly all of the variables that specifically dealt with central tendencies of the flow values (e.g. mean annual flow, mean monthly flow, etc.) were strongly correlated with watershed size. Furthermore, the location of gauges in longitudinal sequence along the Missouri River resulted in pronounced serial autocorrelation among these variables. Hence, we removed those variables that were directly influenced by watershed size (increasing trend moving downstream). Further graphical exploration of this data subset indicated that six variables could be used to identify hydrologically different reaches of the Missouri and lower Yellowstone Rivers: flow per unit area, coefficient of variation of annual flow, flow predictability, flow contingency, flow constancy, and the ratio of flow constancy to flow predictability. Flow predictability is the sum of flow contingency and flow constancy and not truly an independent measure so we omitted this variable from further analyses.
From these five flow variables, we identified six hydrologically distinct flow variability units from the cluster analysis: (1) inter-reservoir I; (2) upper channelized; (3) lower channelized; (4) upper unchannelized; (5) inter-reservoir II; and (6) unchannelized Yellowstone (Figure 2 ). Units often clustered more closely with distant rather than adjacent units (Figures 2 and 3) . Interestingly, although they include the most spatially distant gauges, the upper unchannelized and lower channelized units clustered closer to each other than to units consisting of nearby gauges.
Stepwise discriminant analysis indicated that three of the original five variables significantly contributed to clustering the gauges into similar hydrological units (Figure 3 ). Univariate F -tests identified the contributing variables as coefficient of variation for mean annual flow (F = 41.2; p = 0.0001), flow per unit area (F = 15.25; p = 0.0007); and flow constancy (F = 4.2; p = 0.05) and pairwise correlations among these three variables were generally low and not statistically significant (p > 0.10). Our discriminant analysis correctly classified all 15 gauges into their appropriate unit based on these three variables. We observed mis-classification rates that exceeded 20% through our resubstitution procedure indicating that these variables do not discriminate by chance alone.
Generally, the upper unchannelized, inter-reservoir II, and unchannelized Yellowstone units were characterized as having higher values for the three influential variables identified in the discriminant analysis (Figure 3) . The upper channelized unit had the overall lowest values; whereas, the inter-reservoir I and lower channelized unit values were somewhat intermediate.
In contrast to the steady increase in annual mean discharge downstream (Figure 3) , there was no evidence of continuous longitudinal trends throughout the entire length of the Missouri River in any of the flow variables we analyzed. However, there were continuous trends evident over considerable lengths of the uppermost and lowermost river reaches for several variables. Flow per unit area declined steadily in the upper reaches and increased steadily in the lower reaches. Flow constancy declined steadily in the lower reaches. Coefficient of variation for mean annual flow in the lower reaches of the river exhibited a sigmoid pattern, with low values for the first four gauges below the lowest reservoir, followed by a sharp increase over the next three gauges, finally stabilizing at the lowest two gauges (Figure 3) .
In addition to separating flow variability units of the river where breaks in continuous flow occurred, the mainstem reservoirs also corresponded with other flow discontinuities. Coefficient of variation for mean annual flow on the Missouri River decreased dramatically between gauges directly above and below Fort Peck Reservoir, increased dramatically between Wolf Point and Culbertson, and decreased dramatically again between Culbertson and Bismarck (Figure 3) . The decline in coefficient of variation for mean annual flow between Sydney on the lower Yellowstone River and Bismarck was very similar to the decline between Culbertson and Bismarck. The Yellowstone River gauge at Sydney had distinctly lower values for flow constancy and proportion of constancy within predictability than Missouri River gauges below Fort Peck Reservoir (Figures 1 and 3) . Additionally, the Fort Benton and Virgelle gauges are affected by flow regulation more than the Sydney gauge because there are several reservoirs further upstream, but these gauges still grouped outside the inter-reservoir units.
DISCUSSION
The grouping of gauges into six flow variability units by our analyses generally followed a longitudinal continuum along the river system. This makes intuitive sense due to the cumulative nature of flow along the river's course. However, the division of the river into discrete units begs the questions of where and why these unit breaks occur. There are two likely reasons for the majority of the unit differences. The first is that the Missouri River has essentially been divided into three zones due to the massive alterations to the river during the early to mid-1900s. Impoundments and channelization in the middle and lower river have effectively divided the river into an upper least-altered zone, a middle inter-reservoir zone, and a lower channelized zone. These management practices have had a strong influence on the channel morphology and hydrology of the middle and lower Missouri River (Hesse and Mestl, 1993; Galat and Lipkin, 2000) . Large-scale human alteration to the Missouri River system explains a coarse step in the delineation of major reaches. However, our detailed analysis of flow variability suggests further subdivision within these broad zones as flow patterns not intuitively linked with river alteration were evident from our analyses. The upper unchannelized unit is characterized as having the highest flow per unit area values in all the gauges we studied (Figure 3) . The coefficient of variation for mean annual flow tended to be relatively high in this unit as well. The high coefficient of variation for mean annual flow score indicates a substantial amount of annual flow variability within this unit, but the high flow predictability indicates that this variability occurs with some periodicity.
The inter-reservoir I unit had the lowest coefficient of variation for mean annual flow values when compared to the other units (Figure 3) . Flow constancy was also high which played a large role in classifying this unit. Flow variability immediately downstream of dams tends to be reduced (Ligon et al., 1995) . Thus, constancy is a consequence of the close downstream proximity of gauges to dams in the inter-reservoir I unit. The result is stable flow throughout the recent, post-regulation period of record.
The inter-reservoir II unit was similar to inter-reservoir I except that coefficient of variation for mean annual flow was markedly higher. The higher annual variation is most likely due to flow input from tributaries. There are tributaries that contribute to total flow in both units. However, between the Wolf Point and Culbertson gauges (Figure 1 ), two tributaries (Poplar River and Big Muddy Creek) enter the Missouri River. Streams in this region tend to be quite variable and dependent upon snowmelt in the spring and unpredictable precipitation throughout the remainder of the year (Poff and Ward, 1989) . These tributaries typically contribute 1-2% of the mean annual flow to the Missouri River at the Culbertson gauge. However, during high precipitation periods, the tributaries contribute as much as 5-15% to the total Missouri River outflow (USGS, 2000) . This added variability has created a point of separation between the two inter-reservoir units.
Similar to the inter-reservoir II unit, the unchannelized Yellowstone unit also had a high coefficient of variation for mean annual flow value in addition to the lowest flow constancy of all units. This would indicate that, while predictability is fairly similar to the other units, there is a large amount of annual variation. Consequently, the lower constancy suggests that there is a fair amount of daily and monthly variability, albeit occurring with some regularity, which can be attributed to its relatively free-flowing nature (Benke, 1990 ). This conclusion is also supported by Galat and Lipkin (2000) who reported the lower Yellowstone River to be the least hydrologically altered reach of the Missouri and lower Yellowstone Rivers. Thus, flows in the unchannelized Yellowstone unit tend to be more variable than the units of the Missouri River due to this natural heterogeneity.
Located directly below the six mainstem reservoirs and in the upstream reach of the channelized navigation corridor, the upper channelized unit is in a unique position on the Missouri River (Figure 3) . The regulated flows coming out of the inter-reservoir units and reservoirs resulted in the lowest coefficient of variation for mean annual flow values of any in the system. Additionally, there are few major tributaries that contribute additional flow. The one exception to this is the Platte River which provides about 8% of mean annual flow at Hermann, Missouri (the lowermost gauge on the Missouri River; Hedman and Jorgensen, 1990) . The low flow per unit area scores throughout this unit may reflect this lack of tributary contribution (Figure 3) . The combination of upstream influence from impoundments and the scarcity of major tributaries results in one of the more stable flow units.
Finally, the lower channelized unit exhibits more variability than the upper channelized unit as the Missouri River approaches the confluence with the Mississippi River. Geographically, this unit's watershed area drains about 38% of the entire Missouri River basin, but supplies 61% of the average annual flow to the system (Galat and Lipkin, 2000) . Additionally, major tributaries within the lower channelized unit (e.g. Kansas River, Grand River, Osage River) contributed nearly half (44%) of the total annual flows at Hermann, Missouri between 1951 and 1980 (Hedman and Jorgensen, 1990 . Input from these tributaries ameliorates some of the influence that the impoundments have on the middle river reaches, resulting in much higher flow per unit area values compared to the upper channelized unit. The result is a relatively variable unit, giving the flows in this area a less regulated characteristic.
A consequence of this renewed variability, revealed by the cluster analysis, is the linkage between the extreme upstream and downstream flow variability units. The cluster analysis dendrogram (Figure 2) shows that the upper unchannelized and lower channelized units are more closely related with each other than with any of the other units. Galat and Lipkin (2000) and Pegg (2000) reported similar results from their analyses suggesting lower levels of flow alteration in the extreme upstream and downstream reaches of the Missouri River.
Hydrological effects of reservoirs are most notably observed on flow variations within a year (Allan, 1995; Hesse and Mestl, 1993) . Specifically, mainstem Missouri River impoundments have typically been thought to change the timing rather than total discharge by depressing maximum flows and raising minimum flows throughout the year (Hesse and Mestl, 1993) . Each reservoir has specific operating requirements that mandate particular water levels at certain times of year (USACOE, 1998). There are exceptions to this as evaporation removes some water and filling takes place in wet years that were preceded by dry years, but generally the same amount of water flowing into a reservoir flows out. If the total amount of discharge does not greatly change over the length of the reservoirs, then our coefficient of variation for mean annual flow estimates should reflect similar values at each gauge along the river because they are calculated at the inter-annual scale. Figure 3 illustrates that this is not the case, as variability in the inter-reservoir units is markedly lower than the other units. This suggests that the inter-annual effects from reservoirs may be greater than previously thought and warrants further investigation.
Our approach has identified six hydrologically distinct units along the Missouri and lower Yellowstone river system based on inter-annual patterns in flow variability. An important utility of this classification in the future will be testing for responses of lotic organisms to the differing flow conditions occurring in these units. Studies investigating among-stream differences at the intra-annual scale have shown that flow characteristics can influence the composition and structure of biological communities (DiMaio and Corkum, 1995; Poff and Allan, 1995) . For fish, one premise is that assemblages in hydrologically stable environments generally consist of species with specialized life histories. Conversely, highly variable conditions are more conducive to generalist life-history traits. Application of this theory at the inter-annual temporal scale and to larger rivers has been limited due to the lack of multiple systems with similar characteristics for hypothesis testing. Comparing community attributes within one large system is especially difficult because of the inherent longitudinal gradient of species richness and diversity (Statzner and Higler, 1986) , and perhaps further complicated by the disruptive nature of impoundments upon this gradient (Ward and Stanford, 1995) . Many factors like habitat availability, flow regulation, and biotic interactions influence fish community structure in these large, complex systems. However, in a general context, we would expect the lower channelized unit to have the highest aquatic species diversity due, in part, to its position in the drainage network, lack of barriers to upstream migration from downstream source populations in the Mississippi River, and the somewhat less regulated nature of the flows. Conversely, the inter-reservoir units would be expected to have lower diversity due to influence of the reservoirs, position between physical barriers, and longitudinal position. The next step will be to test these predictions using biological data from the Missouri and lower Yellowstone Rivers and we are currently addressing some of these questions, along with a collaborating group of researchers (Young et al., 1997) .
In large systems such as the Missouri River, there are reasons to group river reaches in various ways to meet specific needs (e.g. political, climatical, topographical, biological) . The division of the river into three zones defined by human alteration, discussed earlier, is a useful first step in identifying regions sharing basic flow characteristics. However, we believe that objectively creating units based on a suite of driving variables with demonstrated biological significance, as we have done here, can set the stage for further exploration into how these factors influence biological communities in large river systems.
APPENDIX A

Index of Hydrological Alteration Variables
Index of Hydrological Alteration (IHA) data used to identify flow units along the Missouri and lower Yellowstone Rivers. 
